Nitric acid oxidation of activated carbon fabric in combination with calcination in N 2 at different temperatures was conducted to explore the influence of surface carbon-oxygen complexes on the performance of electrochemical capacitors fabricated with the carbon fabric. The performance of the capacitors was tested in 1 M H 2 SO 4 within a potential range of Ϫ0.6 and 0.6 V. The specific capacitance of the carbon was found to increase upon oxidation. Surface complex analysis using temperature programmed desorption showed that the double-layer capacitance was enhanced due to the presence of CO-desorbing complexes while CO 2 -desorbing complexes exhibited a negative effect. The micropore resistance for ion migration was low for these carbons. The electrical connection resistance between the fabric and the backing plate as well as that between the carbon fibers accounted for the major proportion of the overall resistance and was shown to increase due to oxidation. A capacitance increase of more than 40% has been achieved, without increasing IR drop, by nitric acid oxidation followed by 450°C calcination that was shown to remove the majority of the CO 2 -desorbing complexes while retaining the CO-desorbing complexes. Because of the high energy storage capability, electrochemical capacitors ͑ECs͒, which still retain the high power density feature of conventional capacitors, have received considerable attention for serving as peak-power or backup energy sources.
Because of the high energy storage capability, electrochemical capacitors ͑ECs͒, which still retain the high power density feature of conventional capacitors, have received considerable attention for serving as peak-power or backup energy sources. [1] [2] [3] [4] Porous carbon is the electrode material used most frequently for ECs. Use of high surface-area carbon electrodes results in large capacitance, mainly due to the formation of the double layer at the electrode surface. [5] [6] [7] In addition to the charge accumulation mechanism that forms the double layer on the carbon surface, there are possible contributions from hetero-atom surface complexes that would provide sites for reversible chemisorption of a working ion and thus give rise to pseudocapacitance. [8] [9] [10] [11] [12] The presence of oxygen surface complexes on carbon electrodes of an EC has been shown to affect the performance of the capacitor. [13] [14] [15] [16] In acidic solutions, increasing the population of oxygen surface complexes generally results in an increase of the doublelayer capacitance. The capacitance increase can be partially ascribed to the specific adsorption of ions and solvent molecules, which is caused by the enhanced affinity toward protons due to the electronic density change in the neighborhood of surface complexes. 14, 17 Some types of oxygen functional groups may provide redox activity to enhance the pseudocapacitance. 16 Oxygen functional groups can be formed on carbon surfaces when they are treated with oxidizing gases, such as O 2 , 17 or oxidizing acid solutions, such as nitric acid. 18, 19 Various types of oxygen functional groups are formed from these treatments, and the distribution of these groups varies with the types of the oxidizing agents. 20 It has been reported that carbons with different complexes have different effects in adsorption or catalysis. 21 The roles that different functional groups play in the formation of electric double layers have not yet been clearly elucidated. In the present work, activated carbon fabrics modified using nitric acid oxidation combined with thermal treatment are prepared. The chemical compositions of the introduced surface oxides in these porous carbons are characterized using the thermal desorption technique, and the electrochemical performances of the resulting capacitors are also examined, in an attempt to identify the effects of different oxygen groups on double-layer formation.
Experimental
Oxidation of activated carbon.-Polyacrylonitrile ͑PAN͒-based activated carbon fabric supplied by Taiwan Carbon Technology, Co., Taiwan, was employed as the basic electrode material for the capacitors in the present work. The fabric has a thickness of 0.4-0.6 mm. To avoid any intrusion of unexpected influence of retained surface oxides, the carbon fabric was cleaned by calcination at 900°C in N 2 for 20 min prior to any measurement or further treatment. The thermally treated carbon fabric ͑CFT͒ served as the fresh carbon in the present work.
Nitric acid was used in the oxidation treatment of CFT. The treatment was initiated by stirring 1 g of the carbon in a 2 N nitric acid solution. The stirring was performed at 90°C for 1 h. After nitric acid treatment, the treated sample was then leached by mixing with 250 mL of distilled water, followed by filtration of the mixtures. Leaching was carried out several times until the pH value of the water-carbon mixture was above 6. The leached product was then dried in vacuum at 110°C for 7 h, to give the nitric acidoxidized fabric. To prepare carbons containing different populations of surface complexes, the oxidized fabric was subjected to calcination at temperatures of 150, 300, 450, 600, and 750°C under N 2 flow for 1 h.
Surface characterization of the carbon samples.-Specific surface areas and pore volumes of the carbon fabric were determined by N 2 gas adsorption at Ϫ196°C. An automated adsorption apparatus ͑Micromeritics ASAP 2010, USA͒ was employed for these measurements. Surface areas and micropore volumes of the samples were evaluated with the application of the Brunauer-Emmett-Teller ͑BET͒ and Dubinin-Radushkevich ͑DR͒ equations, 22 respectively. The amount of N 2 adsorbed at relative pressures near unity was employed to determine the total pore volume, which corresponds to the sum of the micropore and mesopore volumes. 23 The temperature programmed desorption ͑TPD͒ technique was employed to analyze the population of carbon-oxygen complexes on the fabric samples. The measurements were conducted under a helium flow, by heating 0.05 g of a sample from room temperature to 950°C at a linear heating rate of 30°C min Ϫ1 . The evolution of CO and CO 2 during TPD was continuously monitored using a nondispersive infrared analyzer.
Electrochemical measurements.-Sandwich-type cells were prepared to examine the electrochemical performance of the carbon fabric samples. The electrodes of the cells consisted of 2 cm 2 fabrics and stainless-steel-foil current collectors. The cells were constructed with a pair of the electrodes and a piece of filter paper as the separator. All electrochemical measurements were carried out at ambient temperature using 1 M H 2 SO 4 as electrolyte. For potential-sweep cyclic voltammetric measurements, the potential scan rate ranged form 0.5 to 3 mV s Ϫ1 within a potential range of Ϫ0.6 to 0.6 V. The capacitance of the electrodes was measured by charging the cells at 0.5 mA to 0.6 V, followed by discharging to 0 V at different currents of 0.5, 1, 2, and 3 mA. An ac impedance spectrum analyzer combined with computer software was employed to measure and analyze the ac impedance behavior of the capacitors. In this work, the potential amplitude of ac was equal to 5 mV, and the frequency range was from 10 mHz to 100 kHz at 0 V.
Results and Discussion
Surface characteristics of the carbon samples.-The physical characteristics of the carbon samples determined from N 2 adsorption are given in Table I . These carbon samples were designated using the nomenclature of the carbon fabric treated with nitric acid, CFN, followed by the calcination temperature. The data show that the pore volumes of these samples are predominantly contributed by micropores. Both the surface area and pore volume decrease due to the oxidation treatment with nitric acid, indicating that the introduction of the surface oxides has hindered the access of N 2 into the carbon micropores. Upon calcination in N 2 to remove the hindering oxides, a slight porosity increase of the oxidized samples can be observed. Nevertheless, the influence of physical characteristics is considered to be minor in this work, since the changes in porosity and pore size distribution caused by the treatment are not obvious.
The population of oxygen functional groups present on the carbon surface was evaluated using TPD. It has been well known that upon thermal treatment in an inert environment, oxygen functional groups such as carboxyl, anhydride, and lactone groups would desorb as CO 2 while hydroxyl, carbonyl, and quinone groups would desorb as CO. 13, 20, 24 Figure 1 shows examples of the CO 2 and CO evolution profiles during TPD of CFN150, CFN450, and CFN750. It can be seen from the CFN150 spectra that CO 2 evolution occurs mainly at low temperatures and it is split into two lumps centered at 330 and 600°C. The evolution of CO occurs mainly at temperatures higher than 600°C. Upon calcination to 450°C, the low temperature CO 2 -desorbing complexes diminish, while the CO evolution shows a slight increase. The calcination at 750°C removed almost all the CO 2 -desorbing complexes and the majority of the CO-desorbing ones.
The accumulated amounts of CO 2 and CO evolutions during TPD are given in Table II . The results show that the amount of CO 2 evolved from these carbon samples decreases with increasing calcination temperature, while that of CO evolved increases slightly with the temperature and passes through a maximum at 450°C before showing a decreasing trend. The total O evolution calculated from the amounts of CO 2 and CO decreases monotonically with the calcination temperature. The decrease in the amounts of CO 2 -and COdesorbing complexes with the calcination temperature is expected, since the oxidized sites would undergo decomposition and become vacant upon calcination. The increase in CO-desorbing complexes in the low calcination temperature regime is not expected. This probably results from the transformation of some CO 2 -desorbing complexes into CO-desorbing during the period of calcination.
Electrochemical performance of the resulting capacitors.-To illustrate the influence of the surface oxides on the capacitance of carbon fabric samples, constant current charge-discharge cycling was conducted to measure the capacitance of the resulting capacitor cells. The specific discharge capacitance of the electrodes in the cells was calculated according to
where I is the discharge current, t the discharge time, W the carbon fabric mass on an electrode, and ⌬E the potential difference in discharge, excluding the portion of IR drop. The factor of 2 comes from the total capacitance measured from the test cells being the addition of two equivalent single-electrode capacitors in series. Figure 2 shows the specific capacitances of the samples calcined at different temperatures. For each sample the capacitance decreases with discharge current, suggesting the existence of ohmic resistance for electrolyte migration in the axial direction of micropores. However, the resistance must be rather small since the capacitance decrease is not obvious. This may be due to the small depth of micropores in the carbon fibers. As to the effect of oxidation, the results reflect that the specific capacitance of the carbon fabric increases upon nitric acid treatment, except that CFN750 has capacitances slightly lower than those of CFT. The extent of calcination in N 2 following the oxidation shows a great influence on the performance of the resulting cells. The capacitance increases with the calcination temperature and reaches a maximum value at a temperature of 450°C before decreasing with further increases in the temperature. Obviously, not only the population but also the type of surface oxides affects the capacitance.
Comparing the specific capacitance and the accumulated amount of CO-desorbing complexes of the samples, both quantities show similar variation trends with the calcination temperature and both have a maximum value at 450°C. This indicates that the electrochemical capacitance of carbon can be improved through the introduction of CO-desorbing complexes, such as carbonyl and quinone. 8, 9 However, the variation of capacitance was not solely determined by the amount of CO-desorbing complexes. For example, CFN150 has a larger amount of CO-desorbing complexes than CFN600, but has a lower capacitance. Furthermore, the slight increase in the amount of CO-desorbing complexes with temperature for calcination temperatures lower than 450°C cannot explain the sharp increase in capacitance with the temperature. On the other hand, the amount of CO 2 -desorbing complexes shows a rapid decreasing trend within this temperature range. This indicates that CO 2 -desorbing complexes might play an inhibitor role in this energy storage process.
The effects of the CO-and CO 2 -desorbing complexes on the charge-discharge mechanism can be further illustrated by plotting the capacitance against the difference of CO evolution minus CO 2 evolution. The results are shown in Fig. 3 , showing that the capacitance is an increasing function of the difference between the amounts of the two types of complexes. This has demonstrated that the positive and the negative roles that the CO-and the CO 2 -desorbing complexes, respectively, act to improve the capacitance. On the basis of the preceding results, one can conclude that a more than 40% capacitance increase can be achieved through nitric acid oxidation in combination with 450°C thermal treatment that would remove the majority of CO 2 -desorbing complexes while leaving the CO-desorbing unchanged.
The IR drop, a sudden potential drop at the very beginning of discharge, was measured and plotted against the discharge current in Fig. 4 . This potential drop results mainly from the electrical connection resistance, bulk solution resistance, and resistance of ion migration in carbon micropores. 25, 26 Figure 4 shows that the IR drop increases linearly with the current, and the slope of this linear relationship can be used to calculate the overall resistance of the electrodes. The calculated values are listed in Table III , showing that the resistance variation with the calcination temperature can be divided into two temperature regimes. For temperatures lower than 450°C, the resistance decreases with the temperature and reaches a minimum of 23 ⍀ at 450°C. In the high temperature regime (Ͼ450°C), the resistance also shows a decreasing trend with temperature. The variation of the resistance may relate to the formation of water aggregates around the complexes, 27 ,28 carbon wettability, 13 and the area for electrical connection of the fibers. 15 This aspect is discussed in combination with the results from ac impedance measurements.
Potential sweep cyclic voltammetric measurements were conducted within a potential range of Ϫ0.6 to 0.6 V to analyze the electrochemical behavior of the capacitors. Figure 5a shows the vol- The resistance for ion migration in micropores was seen to be present in this system, since increasing the sweep rate aggravated the delay of the current to reach a horizontal value after reversal of the potential sweep. [29] [30] [31] The resistance would combine with the existence of the distributed capacitance to delay the current inversion.
The voltammograms of the CFN150 capacitor are shown in Fig.  5b . In comparison with CFT, CFN150 not only gives a higher background current in the potential sweep, indicating a higher doublelayer capacitance, but also exhibits faradaic peak currents in the voltammograms. The voltammograms of the CFN300 capacitor, which are shown in Fig. 5c , are similar to those of the CFN150 in shape, but exhibit higher current values because of the higher capacitance that has been presented in Fig. 2 . The voltammograms of the CFN450, CFN600, and CFN750 capacitors are shown in Fig. 6 , showing that no obvious faradaic current can be observed. This may be related to the low population of the CO 2 -desorbing complexes of these carbon samples.
In the voltammograms, both the anodic and cathodic currents, I a and I c , respectively, are increasing functions of the potential sweep rate. The difference of the two opposite currents at 0 V, ⌬I( ϭ I a Ϫ I c ), was calculated and plotted against the sweep rate. From the linear relationship in the plot, the total capacitance (C t ) associated with double-layer formation and potential-dependent redox processes within the potential-sweep rate range at 0 V can be estimated from the slope. 32 The data of C t are listed in Table III . The values of C t are similar to those obtained from the charge-discharge cycling measurements shown in Fig. 2 . Still, C t was shown to increase upon oxidation, and its maximum value occurred at a calcination temperature of 450°C. The results again reflect the positive role of the COdesorbing complexes, i.e., the carbonyl-or quinone-type groups, in capacitance enhancement. With the presence of these groups, an equilibrium reaction may occur in the carbon electrode
where ϾC x OʈH ϩ represents a proton adsorbed by a carbonyl-or quinone-type site. This specific adsorption process may facilitate an excess specific double-layer capacitance due to the local changes of electronic charge density. Because no obvious peaks are observed in the cyclic voltammograms of the CFN450 and CFN600 capacitors, it is suggested that the increase of capacitance upon oxidation arises mainly from the enhanced affinity toward protons in an acid solution.
Obvious faradaic peak currents are observed for carbon electrodes with high oxygen contents. The results imply that both the CO-and CO 2 -desorbing complexes may be involved in the electron transfer mechanisms that result in the faradaic currents. Apart from Eq. 1, a redox mechanism for a carbonyl or quinone-type group has been proposed 16
where ϾC x OH represents a phenol-or hydroquinone-type complex and e Ϫ an electron. This reaction should make a partial contribution to the pseudocapacitance of the oxidized electrodes. The functions of CO 2 -desorbing complexes in promoting the faradaic currents may be significant, but have never been interpreted in the literature. This aspect will be the subject of additional research. The technique of ac impedance spectroscopy was further employed to analyze the electrochemical behavior of the capacitors. The impedance spectra of the different capacitors are shown as Nyquist plots in Fig. 7 . A single semicircle can be observed in the high-frequency region for all the capacitors. The plots are transformed to a vertical line in the ϪIm(Z) direction with decreasing frequency. Accordingly, the equivalent circuit for the carbon electrodes should involve the following circuit elements: the bulk solution resistance, R s ; the double layer capacitance, C dl ; a faradaic resistance, R F , corresponding to the reciprocal of the potentialdependent charge-transfer rate in reactions like Eq. 2; a pseudocapacitance, C p , associated with the potential dependence of the redox-site concentration in Eq. 2; and C c and R c due to the impedence between the fibers as well as that between the fabric and the backing plate for the electrical connection. The combination of the circuit elements is proposed and shown in Fig. 8 . The faradaic resistance, R F , should be very large, since there is no second semicircle observed in the plots. This may be due to the inert nature of the carbon surface.
The overall impedance, Z, of the equivalent circuit in Fig. 8 is given by
͓3͔
From the above equation it can be seen that two limiting cases, lowand high-frequency regions, arise. The vertical alignment of impedance plots in the low-frequency region suggests the capacitive behavior. With the frequency approaching zero and the high value of R F , Eq. 3 can be reduced to
The intercept on the Re(Z) axis is R s ϩ R c , while ϪIm(Z) ϭ 1/(C dl ϩ C p ) can be used to estimate the overall capacitance of the electrode. At sufficiently high frequencies, the overall impedance can be transformed to
The above equation would correspond to a locus showing a semicircle that intercepts the Re(Z) axis at R s and R s ϩ R c in the Nyquist plot. Equations 4 and 5 together with the impedance data in Fig. 7 were employed to estimate the values of the elements of the equivalent circuit in Fig. 8 . The estimated values are summarized in Table  IV . The bulk solution resistance was found to be small and showed little variation with the population of surface oxides. The overall capacitance, C dl ϩ C p , obtained from Eq. 4 is similar to that determined using cyclic voltammetry as well as that from chargedischarge cycling. Still, the CFN450 electrode gives the highest ca- pacitance. The value of C c was negligibly small compared to the overall capacitance. However, the value of R c was considerably higher and could account for a major proportion of the overall resistance estimated from the IR drop, which has been stated to result mainly from the electrical connection resistance (R c ), bulk solution resistance (R s ), and resistance of ion migration in carbon micropores. This R c value was found to increase with the population of surface oxides, indicating the reduction of the area of the electrical connection due to the introduction of the oxides. Because of the small values of R s , the overall resistance can be considered to be the sum of R c and the resistance for ion migration in micropores. Interestingly enough, the CFN450 capacitor exhibited an R c value about the same as the overall resistance. This implies a negligibly small resistance for ion migration in the micropores of CFN450. The cyclic voltammograms of CFN450 in Fig.  6a , that show a quick current reversal after changing the potential sweep direction, can support this interpretation. For carbons with calcination temperatures lower than 450°C, the difference of the overall resistance minus R c decreases with the temperature. This suggests that increasing the population of surface oxides would retard ion migration due to formation of water aggregates and thus increase the resistance in micropores. As for carbons that have been calcined to higher temperatures, the micropore resistance is also shown to be larger than that of CFN450. This can be attributed to the fact that the removal of surface oxides upon calcination reduced the surface polarity and thus the wettability of the carbons in aqueous solutions.
The stability of the prepared capacitors can be examined by conducting repeated charge-discharge cycling. A capacitor equipped with CFN450 electrodes was charged and discharged between 0 and 0.6 V at 3 mA to confirm the stability. The variations of the discharge capacitance and coulombic efficiency 33 with cycle number are shown in Fig. 9 . The results exhibit that the capacitor has stable capacitance ͑about 166 F g Ϫ1 ͒ and coulombic efficiency ͑about 99.5%͒ over 100 cycles.
Conclusions
Oxidation through nitric acid treatment was found to enhance the electrochemical capacitance of PAN-based activated carbon fabric electrodes in H 2 SO 4 solution. The capacitance enhancement can be attributed to the increase in the population of the CO-desorbing complexes, while the CO 2 -desorbing complexes show a negative effect in double-layer formation. Upon heat-treating the oxidized carbon fabric at 450°C, most the CO 2 -desorbing complexes were removed while the population of CO-desorbing complexes reached a maximum. This treatment has produced electrodes with the highest capacitance from the oxidized fabric.
Cyclic voltammetry showed that the presence of the COdesorbing complexes significantly enhanced the double-layer formation and thus the capacitance. This indicates that due to the local changes of electronic charge density a proton adsorbed by a carbonyl or quinone-type site facilitates an excess specific double-layer capacitance. The faradaic current increased with the total number of oxygen atoms on the surface, indicating that both the CO-and CO 2 -desorbing complexes enhanced the redox process.
Charge-discharge cycling experiments showed that the capacitance decreased slightly with the discharge current, indicating a low ohmic resistance in carbon micropores due to the small pore depth. Equivalent circuit analysis on the ac impedance results showed that the total resistance of the capacitors was mainly attributed to the electrical connection resistance between the fabric and the backing plate as well as that between the fibers. The connection resistance was found to increase upon the introduction of surface oxides. The carbon electrode that had been calcined at 450°C exhibited the smallest overall resistance because of its negligibly small micropore resistance.
Due to the treatment of nitric acid oxidation followed by appropriate calcination, the overall specific capacitance was found to increase more than 40% ͑e.g., from 120 to 170 F g Ϫ1 ͒ while the IR drop remained unchanged. The capacitors prepared in the present work exhibit excellent capacitance stability with a coulombic efficiency of 99.5% over 100 cycles. 
